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PROCESS AND DEVICE FOR PERMEATION 
OF BIOLOGICAL OBJECTS 

RELATED APPLICATION 

This is a continuation of International Application No. 
PCT/EP99/03442, With an international ?ling date of May 
19, 1999, Which is based on German Patent Application No. 
198 23 047.8, ?led May 22, 1998. 

FIELD OF THE INVENTION 

This invention relates to a process for the manipulation or 
processing of biological objects by means of electrical 
pulses, in particular, for the permeation and/or fusion of cells 
or of synthetic, membrane-encased structures such as lipo 
soma or vesicles, or for the permeation of membrane or 
layered materials in electrode structures, and devices for the 
implementation of the process. 

BACKGROUND 

With many biotechnological, medical, or genetic tasks, 
the short-term and reversible increase in the permeability of 
the covering of living cells suspended in a ?uid is of interest 
(overvieW in “Electromanipulation of Cells”, U. 
Zimmermann, G. A. Neil, CRC, 1996). In addition to 
chemical and virus-based methods, the simplicity and de?n 
ability of the application have caused permeabiliZation by 
means of short electrical pulses to come to prominence. The 
process is designated as “electroporation,” 
“electropermeation,” or also “electropermeabiliZation,” and 
is implemented With commercially available equipment 
from a number of manufacturers. 

In conventional electroporation devices, the cells Which 
are to be manipulated are suspended in a solution in a 
cuvette betWeen electrodes for the application of electrical 
pulses. What all the devices have in common is the use of 
one or more electrical pulses of an amplitude of betWeen 10 
V up to several 1000 V. The pulse form depends on the 
device. The pulse duration is selected dependent on the 
object (dependent on the siZe in particular), and lies in the 
range from a feW us up to several 100 ms. The electrodes (in 
most cases tWo) are in each case permanently connected in 
pairs, as cathode and anode, respectively. 

One serious problem of electropermeabiliZation Which 
has not hitherto been solved lies in the fact that the pH in the 
vicinity of the electrodes changes locally due to electrolysis 
manifestations Which are not temporally stationary, With the 
result that sustained interference in the poration conditions 
occurs. Depending on the composition of the solution, 
subjecting the electrodes to electrical pulses leads to creation 
of H+ (protons) or OH“ (hydroXyl ions) enrichment 
(“clouds”) and, therefore, to a local acidic or alkaline area. 
As the pulse duration increases, a front of loW or high pH 
value migrates from one electrode to the other. Even if the 
pH changes in the areas of the tWo electrodes are virtually 
neutralised over the entire ?uid ?lling of the cuvette, the 
cells of the individual spatial areas are subjected to a pH 
gradient and change of up to 5 pH units, Which can lead to 
a substantial in?uence on the life processes, up to the stage 
of devitaliZation and initiation of apoptosis. 

In addition to this, the local pH changes may cause 
undesirable electrode reactions. If, for example, aluminium 
is used as the electrode material, there is the possibility of 
aluminium being resolved When the pulses are applied, and 
poisoning the cell suspension. This problem can indeed be 
solved by use of noble metals as the electrode materials. 
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2 
HoWever, the result of this is that an electroporation device 
becomes very eXpensive. 

With the knoWn pulse techniques (capacitor discharge, 
square-Wave pulse, delta pulse, etc.) it is not possible for the 
pH stress of the cells to be avoided, since this involves 
fundamental phenomenon at the anode and cathode. There 
have indeed been attempts before noW to minimiZe the 
electrolysis effect by application of very short pulses. As a 
result, hoWever, usability of the electroporation process is 
limited. 

Particularly With objects With Widely deposited layers, 
such as bacteria, longer pulse times are, hoWever, more 
effective, so that pH changes have a particularly negative 
effect, and there is a need for alternative techniques Without 
losing the advantage of the electrical ?eld application. 
Amethod for cell poration and fusion using electrical high 

frequency pulses is knoWn from EP 0 710 718 A1. For pulse 
treatment, an electrode pair is subjected to high frequency 
voltages, Whereby one electrode of the electrode pair has 
ground potential While the other electrode is subjected to a 
high frequency alternating voltage. 

Thus, it Would be advantageous to provide a process 
Which is an improvement on conventional permeabiliZation 
systems, based on the electrical pulse technology. This 
Would be characterised in particular by a reduced or almost 
compensated pH change stress on the cells, and the sup 
pression of electrode reactions. It Would be advantageous to 
provide a device for implementing the process, With Which 
the possibilities of use of the electropermeation techniques 
referred to can be extended and the ef?ciency of the per 
meation or cell fusion can be increased. 

SUMMARY OF THE INVENTION 

The invention relates to a process for treating a biological 
or synthetic object subjected to an electrical ?eld in a 
surrounding medium for a predetermined pulse time (t1), the 
electrical ?eld being formed by at least tWo electrodes, 
Whereby during the pulse time (t1) each of the electrodes is 
actuated at least once as the anode and at least once as the 
cathode, to cause at each electrode a polarity reversal and 
alternating electrolytic increases and reductions in pH of at 
least a portion of the object, Wherein the object is subjected 
during the pulse time (t1) to a number of electrical partial 
pulses Which possess partial pulse durations, With sequen 
tially reversing polarity or ?eld direction, Whereby the 
partial pulses possess sequentially varying partial pulse 
durations (t11, t12), pulse forms, and/or pulse amplitudes, 
and the partial pulse durations (t11, t12), pulse forms, and/or 
pulse amplitudes are selected such that, due to the electro 
lytic increases and reductions in pH value, substantially 
equal H+ and OH“ ion concentrations are created. 
The invention also relates to a device for treating a 

biological or synthetic object in a surrounding medium 
betWeen at least tWo electrodes, Which are connected to a 
pulse generator, Wherein the pulse generator is connected to 
the electrodes via a control circuit arranged to impose on the 
electrodes, during a predetermined pulse time, at least tWo 
partial pulses of alternating reversed polarity or ?eld 
direction, Whereby the pulse generator provides the partial 
pulses in digitaliZed form for creation of asymmetries in 
pulse height, pulse path, or pulse length. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Further advantages and details of the invention are 
eXplained hereinafter, by reference to the appended draW 
ings. These shoW: 
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FIGS. 1A, 1B: a representation of splitting according to 
the invention of an exponential poration pulse into partial 
pulses; 

FIGS. 2A, 2B: a representation of splitting according to 
the invention of a square-Wave poration pulse into partial 
pulses; 

FIG. 3: a representation of splitting according to the 
invention of a square-Wave poration pulse into partial pulses 
of different amplitudes; 

FIG. 4: a representation of splitting according to the 
invention of a square-Wave poration pulse into a plurality of 
partial pulses; 

FIG. 5: a representation of application of an AC voltage 
for the duration of a poration pulse; 

FIG. 6: a block circuit diagram of a control circuit of a 
poration device according to the invention; and 

FIG. 7: a block circuit diagram of a control circuit With a 
gate circuit for the application of pulses or AC voltages. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The folloWing description is intended to refer to speci?c 
embodiments of the invention illustrated in the draWings and 
is not intended to de?ne or limit the invention, other than in 
the appended claims. 

The invention is based on the idea of departing from the 
previous concept of Wiring electrodes as anode and cathode, 
respectively, and, instead, to change at least once the polarity 
of the electrodes and the ?eld direction, respectively, during 
the pulse period of each treatment or poration. As a result, 
sequentially changing and mutually compensating electro 
lytic rises and falls of the pH are achieved at each electrode. 
With the use, for example, of tWo electrodes, each electrode 
is operated during the set pulse period (Which typically lies 
in the is to ms range) at least once as cathode and once as 
anode. In order to achieve this, the pulse is broken doWn into 
individual or partial pulses of opposed polarity Which folloW 
one another very rapidly, or an electronic gate circuit is 
introduced, Which alloWs for an electrical change-over sig 
nal to be coupled as a pulse package, or for the Wiring of the 
pulse electrodes in the us range to be changed. 

The term cathode or anode in this case designates the 
electrode With the more positive or more negative potential. 
The invention can be put into effect With potential 
differentiated pulses irrespective of their absolute potential 
position. 

The change-over pulse technique according to the inven 
tion is based in particular on the folloWing considerations. 
With application of an electrical ?eld or poration pulse of a 
predetermined pulse period (eg about 50 us) for cell 
permeation betWeen tWo electrodes, With the decomposition 
of the poration pulse into tWo partial pulses of differing 
polarity (in each case With the half pulse duration (e. g. about 
25 us) or With another part relationship), Which folloW one 
another essentially immediately, each of the electrodes takes 
effect once as anode and as cathode. This creates proton and 
hydroxyl ion clouds Which folloW one another more rapidly 
than they can disperse from the electrodes, so that they are 
already neutraliZed and attenuated Within a range of the ?rst 
micrometer around the electrodes. This means that the pH 
changes Which are created are no longer, or no longer to the 
full degree, effective in in?uencing or damaging the cells. 

The pulse splitting (part ratio, amplitude ratio, form ratio) 
is selected on the basis of the application by taking into 
account the diffusion times and lengths of the protons and 
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hydroxyl ions. Because the diffusion times and lengths in 
aqueous solutions can be estimated, the duration of the split 
pulse can be determined by means of the knoWn diffusion 
formulae. For this purpose, the folloWing formulation is to 
be used: 

Where J i is the ?ux of the ion i, D is the diffusion coefficient, 
c is the concentration, X is the length, Z is the charge number 
of the ion, III is the potential, T is the temperature, and F, R, 
Faraday and gas constants, respectively. For ?uids Which are 
of medical and biological interest, With lengths smaller than 
about 1 pm, times are derived in the range from a feW us up 
to a maximum of about 1 ms. 

The duration of a partial pulse (partial pulse duration) is 
selected in such a Way that it is shorter than or comparable 
to the diffusion time of the H+ or 0H“ ion clouds created 
With the preceding partial pulse in each case. Accordingly, a 
spatial separation of the reaction products (H+ and OH- ion 
clouds) is suppressed. Because the concentration of the H+ 
or OH- ion clouds may be unsymmetrical, depending on the 
solution, an unsymmetrical part relationship of the partial 
pulse durations may be obtained. The sWitching time 
betWeen the partial pulses is for preference substantially 
shorter than the partial pulse durations, and amounts to 
around 1 us. 
A decomposition of the desired pulse into more than tWo 

individual or partial pulses is particularly effective With 
longer or With a plurality of poration pulses (ms range) and 
leads, according to the invention, to the application of an AC 
voltage via an electronic gate circuit. Corresponding to the 
diffusion lengths referred to above, frequencies betWeen 
about 1 kHZ and about 1 MHZ are preferred, and in particular 
about 10 kHZ to about 800 kHZ. Higher frequencies require 
an essential rise in the amplitude to exceed the breakdoWn 
voltage of the cell membranes. LoWer frequencies can not be 
accommodated in the short period of the pulse duration. 
The invention offers the folloWing advantages. Processes 

and devices according to the invention can be effectively 
used for the pH-neutral or pH-compensated permeabiliZa 
tion and insertion and extraction, respectively, of molecules, 
liquids, organelles, and micro-particles for biotechnological, 
genetic engineering, and medical applications. They can 
equally be used for cell groups, cell-to-cell fusion, or 
aggregation of cells and microparticles or micro-organisms. 
The process makes it possible, in particular, for microelec 
trodes and extremely small spaces (about 10 to about 100 
pm) to be used, such as can be created in Microsystems 
produced in semi-conductor technology. Although the 
objects to be dealt With during each pulse are subject to 
temporally-changing ?eld directions, reliable and reproduc 
ible results can be achieved in the same Way as With 
conventional electroporation. The poisoning of solutions 
due to dissolved electrode material is avoided and, 
accordingly, poration vessels (cuvettes in particular) can be 
used even With non-noble metals used as the electrodes. 

Preferred applications of the invention are the provision 
of pH-neutral or pH-compensated electroporation devices 
and the construction of microsystems for handling or 
manipulation of biological cells betWeen microelectrodes. A 
microsystem has characteristic dimensions of electrodes in 
the range from about 100 pm or less and characteristic 
dimensions of the intervals betWeen the electrodes in the 
range of several cell diameters (eg about 2 to about 5). 
The folloWing explanation relates to pulse splitting 

according to the invention Which can be implemented With 
conventional electroporation devices With the introduction 
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of the appropriate measures. Accordingly, known details of 
electroporation devices, such as, in particular, the arrange 
ment of the electrodes, the structure of the cuvette, etc. are 
not considered separately. 

FIG. 1A shoWs the voltage path of a temporally cut 
capacitor discharge, Which has been applied hitherto as a 
poration pulse at a pair of electrodes (prior art). The input 
amplitude U1 drops according to an exponential function. At 
a pulse time t1, Which typically amounts from about 10 p to 
about 100 ms, the poration pulse is sWitched off. For the 
duration of the pulse an acidation or alkaliZation takes place 
at the anode and cathode, respectively. 

FIG. 1B shoWs the pulse decomposed according to the 
invention as a temporal voltage path betWeen tWo 
electrodes, for example, With tWo partial pulses of different 
polarities. The capacitor discharge drops from the input 
amplitude U1 for the partial pulse duration t11 (in, this case 
t11=0.5~t1) of the ?rst partial pulse, according to an expo 
nential function. At the pulse time t11, Which typically 
amounts to a feW us to a maximum of about 1 ms, the partial 
pulse is reversed. For the remaining period t12 (in this case 
t11=t12), the residual capacitor discharge is sWitched to the 
electrodes, up to the ?nal amplitude U2, With reversed 
polarity. As a modi?cation from the part ratio given here, 
t11=t12, other ratios of the partial pulse durations can be 
achieved. 

It can be seen that, With the given amplitudes and times, 
the absolute value of the areas under the tWo pulses corre 
sponds entirely to the area of the pulse in FIG. 1A. By 
reducing the amplitude as far as the polarisation change, a 
slight asymmetry pertains, Which leads to a residual pH 
change. This can be compensated by a change in the part 
ratio, or, if With certain ion compositions of the media on the 
anodic and cathodic side the acidi?cation or alkaliZation 
does not take place in the same amount, it can be used to 
compensate for these differences. 

The asymmetry referred to in the use of discharge pro 
cesses for pulse generation (asymmetric pulse forms) can 
also be prevented by the use of square-Wave pulses. This is 
illustrated in FIGS. 2A and 2B. FIG. 2A shoWs the non 
decomposed (conventional) poration pulse. According to the 
invention, during the course of the pulse the polarity is 
sWitched (FIG. 2B) so that tWo partial pulses are created. 
The poWer applied to each electrode is noW substantially 
equal. In the corresponding manner, other pulse forms Which 
can be created are also capable of decomposition. 

The decomposition of a pulse into partial pulses of 
different amplitudes is illustrated in FIG. 3. According to 
this, for example, the amplitude of the ?rst partial pulse is 
less than the amplitude of the second partial pulse. This is 
particularly preferred With the unsymmetrical electrolysis 
processes taking place at the electrodes, such as, for 
example, in suspension solutions containing chloride, in 
Which chlorine may escape from the solution locally at an 
electrode. The amplitude splitting is effected in such a Way 
that the loWer H+ or 0H‘ formation (per time unit) is 
compensated in each case by a higher amplitude, and the 
total poWer of the intended poration pulse is retained. In 
addition, the partial pulse duration can be varied accord 
ingly. 

FIG. 4 shoWs splitting a poration pulse into more than tWo 
pulses. For the almost complete compensation of the pH 
effect, an even-numbered decomposition is preferred. With 
very many decomposition pulses, hoWever, an odd 
numbered splitting can also be effected if the residual 
difference remains correspondingly small or the media 
require an asymmetry of the pulses. 
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Alternatively, application of an AC voltage is also pos 

sible instead of a pulse sWitching at the electrodes. FIG. 5 
shoWs application of a plurality of pulses in the form of an 
AC voltage via an electronic gate, this being released for the 
desired duration of the poration (corresponding to the pulse 
duration With the conventional process). 
A block circuit diagram of an electronic circuit With 

Which the pulse decomposition can be effected is shoWn in 
FIG. 6. The reference number 61 designates a pulse 
generator, Which creates the individual pulses in the con 
ventional manner, but in this situation in each case With the 
shorter partpulse duration Which is derived from the decom 
position of the application-dependent pulse time desired into 
2, 4, 6 or more partial pulses. The pulse generator 61 is 
connected, on the one hand, by means of a ?rst output 
ampli?er 63a to the electrodes 64 and, on the other, by 
means of a delay element 62 and a second output ampli?er 
63b to the electrodes 64. The second output ampli?er 63b is 
a reversing ampli?er. Each pulse accordingly ?rst passes 
directly to the output ampli?er 63a and the electrodes 64, 
and then, With a time delay, via the output ampli?er 63b, 
With reversed polarity to the electrodes 64. The time delay 
is selected to be essentially equal to the pulse Width. 
The output ampli?ers and the delay element alloW for the 

adjustment of the individual ampli?cation factors 
(amplitude asymmetry of the pulses) and the time delay, 
respectively, (asymmetry of the part ratio of the pulses). In 
addition, a pulse forming circuit can also be provided for. 
The partial pulses can have in particular rectangular, 
exponential, triangular, ramp-shaped or sine-shaped pulse 
forms. 

In the event of a capacitor discharge being emulated, the 
pulse generator 61 is to be designed accordingly. One of a 
large number of knoWn processes is the digitaliZation of the 
pulse. In this Way, an asymmetry of the pulses can be created 
betWeen the branch 61%63a and 61Q62Q63b, and, 
therefore, any desired pulse form can be implemented. 

In the case of the use of very narroWly spaced electrodes 
(eg in Microsystems), pulse heights of a maximum of 100 
V are needed to bring about a permeation of cells or their 
fusion. A large number of circuit variants of tri-state tech 
nology and push-pull stages of electronic technology are 
suitable for this. 

FIG. 7 shoWs a block circuit diagram for application of 
the pulses or AC voltages under discussion via a gate. The 
reference number 71 designates a pulse generator or AC 
voltage generator, the signal of Which passes via a gate 
circuit 72 for the period of the desired application to the 
output ampli?er 73, and from there is available at the 
electrodes 74 for the permeation or fusion of the cells. 
With arrangements of several pairs of electrodes, the 

pulse splitting according to the invention is carried out for 
each pair of electrodes. The circuits according to FIGS. 6 
and to 7, respectively, are manifolded or adapted accord 
ingly. If the electroporation is induced With several pulses, 
each of the pulses is broken doWn according to the inven 
tion. 
The pulse splitting according to the invention can be 

applied to the treatment of any desired biological objects, 
including in particular biological objects such as, for 
example, biological cells or cell groups, or also synthetic 
objects such as liposomes, vesicles, or similar thereto. 
What is claimed is: 
1. A process for treating a biological or synthetic object 

subjected to an electrical ?eld in a surrounding liquid 
medium for a predetermined pulse time (t1), said electrical 
?eld being formed by at least tWo electrodes comprising: 
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actuating at least once during the pulse time (t1) each of 
the electrodes as an anode and as a cathode, to cause at 
each electrode a polarity reversal and alternating elec 
trolytic increases and reductions in pH of at least a 
portion of the liquid medium, 

subjecting the object during the pulse time (t1) to a 
number of electrical partial pulses Which have a fre 
quency in the range of 1 kHZ to 1 MHZ and Which 
possess partial pulse durations, With sequentially 
reversing polarity or ?eld direction such that the partial 
pulses possess sequentially varying partial pulse dura 
tions (t11, t12), pulse forms, and/or pulse amplitudes, 
and 

selecting the partial pulse durations (t11, t12), pulse 
forms, and/or pulse amplitudes such that, due to the 
electrolytic increases and reductions in pH value, sub 
stantially equal H+ and OH“ ion concentrations are 
created. 

2. The process according to claim 1, in Which the partial 
pulse durations are selected such that creation of H+ or 0H‘ 
ion concentrations at an electrode during a partial pulse is 
effected at least as rapidly as diffusion of OH“ or H+ ion 
concentrations created during a previous partial pulse from 
the electrode into the surrounding medium. 

3. The process according to claim 1, Wherein the partial 
pulses have, square-Wave, exponential, delta-shaped, ramp 
shaped, or sine-shaped pulse forms. 

4. The process according to claim 1, Wherein a permeation 
and/or fusion of cells or cell groups or of synthetic, 
membrane-encased structures, liposoma or vesicles, or the 
treatment of membrane-form or layer-form material is 
effected. 

5. A device for treating a biological or synthetic object in 
a surrounding medium comprising at least tWo electrodes 
adapted to treat a biological or synthetic object in a sur 
rounding medium, the medium connected to a pulse 
generator, Wherein the pulse generator is connected to the 
electrodes via a control circuit arranged to impose on the 
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electrodes, during a predetermined pulse time, at least tWo 
partial pulses of alternating reversed polarity or ?eld 
direction, said pulses having a frequency in the range of 1 
kHZ to 1 MHZ and the pulse generator providing the partial 
pulses in digitaliZed form for creation of asymmetries in 
pulse height, pulse path, or pulse length such that, due to the 
electrolytic increases and reductions in pH value, substan 
tially equal H+ and OH- ion concentrations are created. 

6. The device according to claim 5, in Which the control 
circuit comprises a ?rst output ampli?er, by means of Which 
the pulse generator is connected to the electrodes for gen 
eration of said partial pulses With a ?rst polarity, and a 
second output ampli?er With a time delay element, by means 
of Which the pulse generator is connected to the electrodes 
for generation of said partial pulses With a reversed polarity. 

7. The device according to claim 5, Wherein the pulse 
generator comprises at least one charge capacitor and the 
control circuit comprises a reversing sWitch, With Which, 
during the pulse time, capacitor voltage is alternatingly 
sWitched to one of the electrodes. 

8. The device according to claim 5, Wherein the pulse 
generator generates an AC or tri-state voltage, and the 
control circuit comprises a gate circuit, Which, during the 
pulse time, connects the pulse generator to the electrodes. 

9. The device according to claim 5, Wherein the pulse 
generator processes the partial pulses in digitaliZed form in 
adjustable amplitude and/or for emulation of any desired 
signal forms. 

10. An electroporation device With an electropermeation 
or fusion chamber containing a device according to claim 5. 

11. The electroporation device according to claim 10, 
Which is a microsystem With a multi-electrode arrangement. 

12. The electroporation device according to claim 11, 
Wherein the microsystem possesses characteristic dimen 
sions of the electrodes in the range from about 100 pm or 
less, and characteristic dimensions of the spaces betWeen the 
electrodes are in the range of a feW cell diameters. 

* * * * * 


